The ability to respire nitrate when oxygen is limited has been described in taxonomically diverse microorganisms including members of the α-, β-, γ -and ε-proteobacteria, high and low GC Gram-positive bacteria and even Archaea. Respiratory nitrate reduction is the first step of the denitrification pathway, which is important since it is the main biological process responsible for the return of fixed nitrogen to the atmosphere, thus completing the nitrogen cycle. During the last decade, considerable knowledge has been accumulated on the biochemistry and genetics of the nitrate reductases. In this paper, we summarize the recent progress in molecular approaches for studying the ecology of the nitrate-reducing community in the environment.
Introduction
Dissimilatory nitrate reduction into nitrite can be performed by taxonomically diverse microorganisms including members of the α-, β-, γ -and ε-proteobacteria, high and low GC Gram+ (Gram-positive) Bacteria and even Archaea. The nitrite produced can then be reduced into gaseous nitrogen compounds by denitrification, or into NH 4 + by dissimilatory reduction of nitrate to ammonia (DNRA). Denitrification is the main biological process responsible for the return of fixed nitrogen to the atmosphere, thus completing the N-cycle. Denitrification is of interest for several reasons. First, the reduction of nitrate to gaseous nitrogen depletes the soil of nitrate and is thus responsible for the loss of an essential plant nutrient. It is also used to remove nitrate from wastewater, which accumulates mainly as a result of the agricultural use of nitrogen fertilizer. Denitrification also contributes to modify the global atmospheric chemistry, essentially through the greenhouse effect [1] and destruction of the Earth's ozone layer by emitting NO x [2] .
Bacteria which are capable of reducing nitrate are widespread in the environment [3] . This reduction of nitrate to nitrite can be catalysed by two different types of enzymes differing in their location and biochemical properties: one membrane-bound and the other a periplasmic nitrate reductase [4] [5] [6] .
After a short description of the dissimilatory nitrate reductases, this review will focus on the application of molecular tools to study the ecology of nitrate-reducing bacteria in the environment.
Escherichia coli, it has been purified from a large variety of microorganisms including Archaea [7] . The enzyme is composed of three subunits: a catalytic α-subunit (∼140 kDa), encoded by narG, containing a molybdopterin cofactor; a soluble β-subunit (∼60 kDa), encoded by narH, containing four [Fe-S] clusters and the γ -subunit (∼20 kDa), encoded by narI, containing two b-type haems [4] [5] [6] . These three subunits are arranged in two domains: α and β constitute the cytoplasmic domain and γ constitutes the membraneintrinsic domain required for anchoring the α-and β-subunits to the cytoplasmic side of the membrane.
In contrast with Nar, the periplasmic nitrate reductase (Nap) is present only in Gram− bacteria. Nap is a heterodimer composed of the NapA catalytic subunit, containing a molybdopterin cofactor (90 kDa), and the NapB subunit containing two c-type haems. The NapAB complex located in the periplasm receives an electron from the membranebound NapC containing four c-type haems.
Nitrate-reducing and true denitrifying bacteria have been shown to harbour either the membrane-bound or the periplasmic nitrate reductase or both types of reductases. A recent study focusing on the fluorescent Pseudomonads community showed that 56% of the isolated strains had the narG gene only, 51% had the napA gene and 15.5% possessed both nitrate reductase genes [8] .
Phylogenies of the narG and napA genes
Genes encoding the Nar are found in most of the bacterial divisions. Analysis of bacterial genomes revealed the presence of 1-3 copies of the narG gene per cell [9] . Thus three narGHJI operons were identified in the complete genome of Streptomyces coelicolor with narG genes exhibiting approx. 70% identity to each other. Similarly, two copies of narG were found in the genome of Burkholderia pseudomallei, each on one of the two chromosomes of approx. 3.5 and 2.5 Mb. Phylogenetic analysis of the complete NarG subunit from cultivated strains and from prokaryotic genome-sequencing projects showed some correlation with 16 S rDNA-based taxonomy (Figure 1) . However, recent studies reporting partial sequencing of both 16 S rDNA and narG genes from isolated nitrate-reducing bacteria and denitrifying bacteria showed that the phylogeny of the narG region amplified in this work was not entirely consistent with 16 S rDNA phylogeny [10] . This result suggests that the narG gene cannot be used with high confidence to provide taxonomic information about nitrate reducing and denitrifying bacteria.
In contrast with narG, only one copy of the napA gene has yet been identified in bacteria [6] . Phylogenetic analysis of NapA showed some discrepancies with 16 S rDNA phylogeny with the location of NapA from strains such as Pseudomonas aeruginosa, Bradyrhizobobium japonicum or Magnetospirillum magnetotacticum, which suggests some lateral gene transfers. However, the four other clusters corresponding to α-, β-, γ -and ε-proteobacteria showed a good correlation with the 16 S rDNA-based taxonomy (Figure 2) . 
Detection and diversity of the narG and napA genes in the environment
Since bacteria capable of nitrate reduction are taxonomically diverse, 16 S rDNA-based methods are not suitable for studying the diversity of this functional community in the environment using the cultivation-independent approach. The emphasis has therefore been on using nitrate reductase genes as molecular markers to target the microbial community genetically capable of reducing the nitrate. In this approach, nucleic acids extracted from the environment are amplified using primers based on sequence data from cultured organisms, which results in a mixed pool of amplicons reflecting the diversity of the targeted gene. Ideally, such primers should be able (i) to amplify the targeted gene in all the bacteria carrying them whatever the diversity of the functional community and (ii) not to amplify other genes sharing conserved domains. The first study reporting the use of narG primers to detect nitrate-reducing bacteria in the environment was provided by Gregory et al. [11] . PCR primers were designed to amplify a 339 bp fragment using a nested PCR. The retrieved sequences were tightly clustered suggesting a high homogeneity of the studied community in the sediment. More recently, another set of narG primers has been designed to amplify a 550 bp fragment in a direct PCR [12] . Application of these primers to DNA extracted from soils with different physicochemical characteristics revealed a high diversity of the narG gene with environmental narG sequences related to narG from many bacterial divisions [9, [13] [14] [15] . In addition, a novel cluster of narG genes was discovered, representing between 41 and 52% of the clone libraries generated from these soils, but not related to any narG gene characterized from cultivated nitrate-reducing bacteria. Since the beginning of these studies, more than 500 partial narG sequences have been deposited into databanks. As an alternative to the laborious construction of clone libraries, restriction analysis of the amplified narG fragments (PCR-RFLP, where RFLP stands for restriction-fragmentlength polymorphism) using the endonuclease AluI was developed to provide a fast and robust method for comparing large sample sets (Figure 3) .
Parallel work has been performed to target the periplasmic nitrate reductase using the napA gene. As described by Gregory et al. with narG [11] , application of the napA primers in a nested PCR on DNA extracted from freshwater sediment results in tightly clustered sequences [16] .
Numerous studies over the last 5 years have involved use of the genes encoding the other denitrifying reductases to study the diversity of this functional community in various environments [17] [18] [19] [20] [21] [22] [23] .
The main limitation of the approaches described above is that the presence of a functional gene provides only a very weak hint of presence of the corresponding activity. Since nitrate reduction and denitrification are facultative processes, the targeted genes may not be expressed under the environmental conditions studied.
Quantification of the narG gene by real-time PCR
'Fingerprinting' and more particularly gene library approaches enable the number of different elements in the sample (richness) and their relative abundance (evenness) to be known. However, since these techniques are not quantitative, no information can be deduced about the abundance of these elements in the environment. Therefore studying the diversity of a functional community is of limited value if the result cannot be correlated with quantitative information obtained using other techniques. Quantitative information on the relative distribution of nitrate-reducing bacteria using cultivation-independent approaches, has been obtained both by the hybridization and real-time PCR performed on DNA extracted from soil. Probing DNA extracted from different environments provides information on the relative abundance of the targeted gene. However, the hybridization signal cannot be transformed into cell numbers. Such an approach has been used to study the relative abundance of the narG gene in different layers of a forest soil [24] . Hybridization intensities using a 414 bp narG probe indicated higher densities of bacteria having the Nar in the upper layer of the soil (∼5 cm). Similar results were obtained using probes for the genes encoding the other denitrifying reductases. Recently, a real-time PCR has been developed to quantify the copy number of a group of bacteria having narG genes forming a cluster, which is not related to any narG gene characterized from cultured nitrate-reducing bacteria [25] . This cluster was shown to represent between 41 and 52% of narG soil libraries [9, 13, 14] . Depending on the environment tested, densities of the targeted narG gene were between two logarithms below and of the same logarithmic order as the 16 S rDNA gene copy number. This result confirms the high abundance of this as yet uncultivated group of nitrate-reducing bacteria with unknown physiological features.
Conclusion
Most diversity studies targeting the denitrifying genes in the environment result in a similar conclusion, i.e. the high diversity of the studied community with a high proportion of sequences that are not related to those of cultured bacteria. A challenging task for microbial ecologists is now to understand the role, if any, of this diversity in the functioning of the ecosystem. To achieve this objective, studies must be performed in a way that effectively relates microbial diversity and activity. Thus, identifying populations capable of denitrifying, without determining their role, if any, in the local or global denitrifying activity, is of limited value for this purpose. In contrast, determination of the physiological characteristics of these unknown groups of denitrifiers and the development of approaches for identifying active denitrifiers is crucial. To do this, a combination of traditional microbiological approaches with modern molecular techniques and closer collaboration between microbiologists and biochemists is required.
I am grateful to the Organizing Committee of the N-cycle meeting for inviting me.
